The partial decoupling of electronic and optical properties of organic solar cells allows for realizing solar cells with increased short circuit current and energy conversion efficiency. The proposed device consists of an organic solar cell conformally prepared on the surface of an array of single and double textured pyramids. The device geometry allows for increasing the optical thickness of the organic solar cell, while the electrical thickness is equal to the nominal thickness of the solar cell. By increasing the optical thickness of the solar cell, the short circuit current is distinctly increased. The quantum efficiency and short circuit current are determined using finite-difference time-domain simulations of the 3D solar cell structure. The influence of different solar cell designs on the quantum efficiency and short circuit current is discussed and optimal device dimensions are proposed.
Introduction
Organic materials and organic devices exhibit several electronic and optical properties complementary to conventional inorganic semiconductors. The electronic and optical properties of organic materials can be tailored according to the application needs and the materials can be fabricated at low temperatures on large area and flexible substrates Guo et al. 2013; Peet et al. 2007; Park et al. 2009; Yu et al. 1995) . In the last decade, the energy conversion efficiency and stability of organic solar cells have been significantly increased Chamberlain 1983; Wohrle and Meissner 1991; Peumans et al. 2003; Green et al. 2017) . Organic single junction solar cells have reached energy conversion efficiencies exceeding 11% (Zhao et al. 2016) , which is approx. 30% of the detailed balance limit (Shockley and Queisser 1961) . However, the performance of organic solar cell (OSC) is still limited by its electronic properties (Peumans et al. 2003; Savenije 2005) . Furthermore, most of the organic semiconductors show high absorption coefficients only over a limited spectral range. For example, the calculated quantum efficiency and total absorption (1-R) of a flat or planar organic solar cell using a blend of zinc-phthalocyanine (ZnPc) and fullerene (C 60 ) (ZnPc/C 60 ratio 1:1) with an absorber thickness of 70 nm are shown in Fig. 1 along with the spectral irradiation of the sun under AM 1.5. The maxima of the quantum efficiency occurs in the spectral region ranging from 600 to 750 nm, while the quantum efficiency for shorter and longer wavelengths is distinctly reduced. The thickness of the solar cell is limited by the low carrier diffusion length of the ZnPc/C 60 layer. Hence, different optical techniques have been proposed to increase the quantum efficiency and short circuit current of organic Electronic supplementary material The online version of this article (https ://doi.org/10.1007/s1320 4-018-0713-0) contains supplementary material, which is available to authorized users.
Wayesh Qarony, Mohammad I. Hossain contributed equally to this work. solar cells. Geometric light trapping schemes (Niggemann et al. 2004; Roman et al. 2000; Knipp et al. 2017) , microlenses (Tvingstedt et al. 2008 ), V-shaped solar cell arrangements (Kim et al. 2013) , and anti-reflection coatings (Forberich et al. 2008 ) have been proposed and investigated.
In the current study, we try to decouple the electrical and optical properties of the solar cell using a 3D solar cell architecture. The solar cell is formed on an array of single or double textured pyramids. It is assumed that the films are formed conformally on the surface of the pyramids, while the dimensions of the pyramid are distinctly larger than the thickness of the organic solar cell. Due to the conformal growth of the films, the electrical thickness of the solar cell remains unchanged. The electrical thickness defines the distance between the electrical contacts of the solar cell. Hence, the electrical thickness represents the maximal charge transport distance of the photogenerated charges. Furthermore, the 3D geometry leads to a distinctly increased optical thickness of the solar cell. The optical thickness of the solar cell is defined as the thickness of the organic film calculated at each point of the substrate and averaged over the area of the substrate. The optical thickness of the solar cell on a planar or flat substrate is equal to the nominal thickness, while the optical thickness of the organic layers on a 3D surface is increased if conformal deposition is assumed. In this study, the organic solar cell is placed on conductive TiO 2 pyramids. The finite-difference time-domain optical simulation method was utilized to study the wave propagation, electric field distribution, and determine the optical parameters for the organic solar cell stack placed on single and double textured pyramids. The influence of the dimensions of the pyramids on the quantum efficiency and short circuit current is investigated and optimal device dimensions are proposed.
Optical simulation modeling
The optical wave propagation is investigated by utilizing three-dimensional (3D) Finite-difference Time-domain (FDTD) simulations. The complex refractive indices of the used organic materials are adapted from the literature and included in the supplementary material (Fig. S1) Fritz et al. 1989; Hoppe et al. 2002; Davis et al. 2015) . Based on the simulated electric field distributions, the time-averaged power loss is calculated by where E(x, y, z) is the electric field distribution, α is the absorption coefficient (α = 4πΚ/λ) with Κ being the imaginary part of the complex refractive index, n is the real part of the complex refractive index, ε 0 is the permittivity of free space, and c is the speed of light (Dewan et al. 2009; Jovanov et al. 2013) . Based on the time-averaged power loss distribution, the absorption for each layer of the solar cell is calculated by where P opt is the power of the incident wave and V m is the volume of the m-th layer of the solar cell. By assuming the collection efficiency of the ZnPc:C 60 absorber layer as 100%, the upper limit of quantum efficiency is calculated by In general, the quantum efficiency is defined as the ratio of photon absorbed by the ZnPc:C 60 (1:1) layer to the total photon incident on the unit cell. The short circuit current density of the solar is calculated by where q is the elementary charge, h is the Planck's constant, S(λ) represents spectral irradiance of the sun (AM 1.5), and λ is the wavelength. The simulations are carried out for an incident wave with an amplitude of 1 V/m and a spectral range from 300 to 900 nm.
Device structure of small molecule organic solar cells
In this study, small molecule-based organic solar cells in substrate configuration are investigated. Cross-sections of the investigated solar cells are shown in Figs. 2a, 3a, absorber layer leads to an increased short circuit current and a reduced fill factor and open circuit voltage, so that the resulting energy conversion efficiency drops. A 130 nm thick ITO layer acts as front contact of the solar cell. The used layer sequence is in agreement with organic solar cells described in literature Schünemann et al. 2012; Lüssem et al. 2013 ; Kwanghee (Fig. 2a) , a smooth TiO 2 spacer layer is introduced, which acts as an optical spacer. In the case of the textured solar cells, a pyramidal textured TiO 2 layer is introduced (Figs. 3a, 4a, 7a ).
Small molecule organic solar cells on smooth surface
The calculated power loss profile of a solar cell on flat substrate is shown in Fig. 2 . The solar cell on the flat substrate is used as reference solar cell. The corresponding quantum efficiency and absorption are shown in Fig. 1 . For short wavelengths, a significant fraction of the incident light is absorbed by the C 60 electron transporting layer as shown in Fig. 2b . Furthermore, approx. 30% of the incident light is absorbed by the photoactive ZnPc:C 60 absorber (Figs. 1,  2b ). In the spectral range from 550 to 750 nm, most of the light is absorbed by the ZnPc:C 60 layer. This is confirmed by the power loss profile for a wavelength of 640 nm as shown in Fig. 2c . The quantum efficiency reaches a maximum of approx. 85% as depicted in Fig. 1 . The short circuit current of the solar cell was maximized by tuning the thickness of the conductive TiO 2 layer. The TiO 2 layer acts as an optical spacer (Kwanghee et al. 2006) . The TiO 2 spacer has the function of introducing an optical phase change. The thickness of the ZnPc:C 60 absorber is smaller than half of the wavelength of the incident light, so that the maxima of the standing wave formed in the solar cell due to the constructive and destructive interference of the forward and backward (reflected) electromagnetic wave has to be matched to the position of the ZnPc:C 60 absorber in the solar cell. The thickness of the TiO 2 spacer was varied until a maxima of the short-circuit current of 13.8 mA/cm 2 was obtained for a TiO 2 spacer thickness of 10 nm.
Organic solar cells on pyramidal textured substrates
In the following section of the manuscript, the optics of organic solar cells on single and double textured substrates is investigated. It is assumed that the organic films of the solar cells are conformally deposited on a 3D textured back contact. An array of conductive TiO 2 single or double textured pyramids on an aluminum reflector is used as a substrate. The surface morphology of each layer of the textured organic solar cells was simulated using a 3D morphological algorithm. The 3D morphological algorithm allows for describing the growth of films on 3D surfaces (Jovanov et al. 2013; Wiesendanger et al. 2014; Topič et al. 2015 ). In the current study, it is assumed that the organic films grow in the direction of the local surface normal. The input parameters of the growth model are the substrate morphology and nominal thickness of the films. To obtain the surface morphology of the deposited film, the growth algorithm determines the local surface normal for each position on the substrate. More details on the film formation and the growth model can be found in the literature (Jovanov et al. 2013; Wiesendanger et al. 2014; Topič et al. 2015) . The period and height of the surface texture were varied from 0 to 600 nm and from 0 to 1500 nm. The cross-section of a pyramid textured small molecule organic solar cell with a period of 600 nm and height of 1500 nm is shown in Fig. 3a . The total thickness of the organic diode layer stack, 115 nm, is distinctly smaller than half of the period of the surface texture. Hence, a good coverage of the pyramids by the organic layer stack is observed. And the electrical thickness of the solar cell, which is determined by the thickness of the ZnPc:C 60 absorber, remains unaffected for most part of the solar cell. The power loss maps for a pyramid height of 1500 nm are shown in Fig. 3b , c. The corresponding quantum efficiency is shown in Fig. 5a . In comparison to a solar cell on a flat substrate, a distinct gain of the quantum efficiency is obtained by the textured solar cells for short wavelengths. This is confirmed by the power loss map in Fig. 3b . For high pyramids (h = 1000 and 1500 nm), the ZnPc:C 60 absorber exhibits a higher absorption in comparison to the solar cell on a flat substrate (Fig. 2b ). For long wavelengths (640 nm), most of the light is absorbed by the ZnPc:C 60 absorber. Introducing the pyramid texture leads to the reduction of the reflection losses and a gain of the quantum efficiency [ Fig. 5a for short (400-550 nm) and long (750-900 nm) wavelengths]. For pyramid heights of only 500 nm, a drop of the quantum efficiency is observed in the wavelength region from 600 to 750 nm in comparison to the solar cell on a smooth surface as shown in Fig. 5a . The power loss for a period and height of 600 nm and 500 nm is provided in the supplementary material (Fig. S3) . The quantum efficiency in Fig. 5a shows that the quantum efficiency increases up to a height of the pyramid of approx. 1000 nm. Increasing the height of the pyramid to 1500 nm does not lead to an additional gain of the quantum efficiency and short circuit current. The influence of the period of the pyramid on the quantum efficiency for periods ranging from 0 (flat) to 400 nm (height 1500 nm) is provided in the supplementary material (Fig. S2) . With increasing period, the quantum efficiency converges towards the solar cell on a flat substrate. The highest short circuit current is observed for a period of 200 nm. Figure 4 exhibits the cross-section and power loss maps of a solar cell with a period of 200 nm. The total thickness of the organic layer stack, 115 nm, is larger than half of the period of the surface texture and the valley between two neighboring pyramids is completely filled by organic material. Hence, the electrical thickness of the organic ZnPc:C 60 absorber layer is increased and photo generated charges can not be efficiently extracted. Nevertheless, we will discus the optics of the structure to study the influence of the device geometry on the quantum efficiency and short circuit current. The power loss maps for such solar cell are depicted in Fig. 4b , c for the wavelengths of 400 and 640 nm. Most of the light is absorbed within the first 500 nm of the solar cell. The corresponding quantum efficiency is shown in Fig. 5b . The quantum efficiency is distinctly increased for short and long wavelengths. Additionally, the quantum efficiency increases continuously with increasing height of the pyramid. The enhancement is mainly caused by the increased optical thickness of the organic layer stack. The optical thickness of the ZnPc:C 60 layer is calculated by the ratio of ZnPc:C 60 layer volume within a unit cell to the area of the unit cell (Jovanov et al. 2013) . The optical thickness increases with decreasing period and increasing height of the pyramid. The influence of the pyramid dimensions on the short circuit current is summarized in Fig. 6 . The short-circuit current density of the flat reference solar cell is 13.8 mA/ cm 2 , which is increased to 21.4 mA/cm 2 using a period of 200 nm and a height of 1500 nm. The enhancement of the short circuit current density is mainly obtained due to the enhanced optical thickness of the solar cell. However, for the combination of a small period and a large height pyramid, poor charge extraction can be expected, which limits the short circuit current and energy conversion efficiency.
To achieve high short circuit currents while at the same time allowing for efficient charge extraction, we have modified the design of the pyramid texture. Small pyramids were added on the large pyramids allowing for the realization of a double textured pyramid. The increased surface area allows for increasing the optical thickness of the solar cell, while at the same time good charge extraction can be maintained. The power loss profile of an organic solar cell on a pyramidal double texture for incident wavelengths of 400 and 640 nm is depicted in Fig. 7b, c, respectively .
The corresponding quantum efficiency of the solar cell is shown in Fig. 8 . Furthermore, the QE of a solar cell on a smooth substrate and single textured was added. By moving from a single to a double texture, the short circuit current is increased from 17.7 to 20.1 mA/cm 2 . Again, the enhancement is mainly caused by an increased optical thickness. Compared to the flat solar cell, a short circuit current gain of 29 and 46% is achieved for the single pyramid textured (p = 600 nm, h = 1500 nm) and double pyramid textured (large pyramid: p = 600 nm and h = 1500 nm, small pyramid: p = 120 nm and h = 500 nm), respectively. A detailed comparison of the absorption of the individual layers of the flat, single textured, and double textured small molecule organic solar cells is given in the supplementary material (Table S1 ). The short circuit current of the double texture is approaching the short circuit current of single texture with a small period. However, the double texture allows for efficient extraction of charges, while the single texture with small period does not allow for such an efficient extraction. Hence, double textured substrates represent a promising alternative to solar cells with single texture.
In next step, organic solar cells have to be realized on such single and double textured substrates. Excellent (Kuang et al. 2011; Adachi et al. 2013 ). The successful experimental realization of thin film solar cells on double or multiscale textured substrates has been demonstrated for amorphous silicon (Tamang et al. 2014) , microcrystalline silicon (Hongsingthong et al. 2013; Tamang et al. 2016) , and multijunction silicon solar cells (Tan et al. 2015) . So far few studies have been published on the conformal deposition of organic films on 3D textured substrates. However, promising initial results have been demonstrated for the deposition of organic films by chemical vapor deposition (Loscutoff et al. 2010) , molecular deposition techniques (Mullings et al. 2010; Räupke et al. 2013) , and vapor phase deposition (OVPD) (Yang and Forrest 2006; Yang et al. 2005 ).
Summary
The short circuit current and energy conversion efficiency of organic solar cells can be increased by a partial decoupling of the electrical and optical properties. In this study, organic solar cells on 3D textured surfaces were studied. Forming conformal organic solar cells on textured arrays of single or double textured pyramids allow for increasing the optical thickness of the solar cell, while the electrical thickness is equal to the nominal thickness. By increasing the optical thickness, the quantum efficiency and short circuit current are increased. In the case of a single pyramid surface texture, the short circuit current is increased by 29%, while in the case of double or multiscale texture the short circuit current is increased by 46%. The conformal deposition of organic solar cells on multiscale textured might allow for the realization of high efficiency organic solar cells. Fig. 8 Calculated quantum efficiency of flat, single textured (period: 600 nm, height 1500 nm), and double textured (large pyramid: p = 600 nm and h = 1500 nm, small pyramid: p = 120 nm and h = 500 nm) organic solar cell
